Abstract Abundance enhancements, during acceleration and transport in both gradual and impulsive solar energetic particle (SEP) events, vary approximately as power laws in the mass-to-charge ratio [A/Q] of the ions. Since the Q-values depend upon the electron temperature of the source plasma, this has allowed a determination of this temperature from the pattern of element-abundance enhancements and a verification of the expected inverse-time dependence of the power of A/Q for diffusive transport of ions from the SEP events, with scattering mean free paths found to be between 0.2 and 1 AU. SEP events derived from plasma of different temperatures map into different regions in typical crossplots of abundances, spreading the distributions. In comparisons of SEP events with temperatures above 2 MK, impulsive events show much broader non-thermal variation of abundances than do gradual events. The extensive shock waves accelerating ions in gradual events may average over much of an active region where numerous but smaller magnetic reconnections, "nanojets", produce suprathermal seed ions, thus averaging over varying abundances, while an impulsive SEP event only samples one local region of abundance variations. Evidence for a reference He/O abundance ratio of 91, rather than 57, is also found for the hotter plasma. However, while this is similar to the solar-wind abundance of He/O, the solar-wind abundances otherwise provide an unacceptably poor reference for the SEP abundance enhancements, generating extremely large errors.
The SEP abundances in this article were measured using the Low Energy Matrix Telescope (LEMT: von Rosenvinge et al., 1995) onboard the Wind spacecraft, which measures the elements He through about Pb in the energy region from about 2 -20 MeV amu -1 with a geometry factor of 51 cm 2 sr, identifying and binning by energy interval the major elements from He to Fe onboard at a rate up to about 10 4 particles s -1 . Instrument resolution and onboard processing have been described elsewhere (Reames et al., 1997; Reames, 2000; Reames and Ng, 2004) . Typical resolution of LEMT from He isotopes through Fe was shown by Reames et al. (1997) and by Reames (2014) and resolution of elements with 34< Z <82 by Reames (2000 Reames ( , also 2015 . The LEMT response was calibrated with accelerator beams of C, O, Fe, Ag, and Au before launch (von Rosenvinge et al., 1995) .
For this study we primarily use abundances in the 3 -5 MeV amu -1 interval, which is the lowest energy in LEMT where measurements of all species are available and intensities are greatest. This includes He, C, N, O, Ne, Mg, Si, S, and Fe. For Ar and Ca we use the 5 -10 MeV amu -1 interval which has better resolution (see Reames 2014) .
Species in the intervals of atomic number 34≤ Z ≤ 40, 50≤ Z ≤56, and Z >56 were measured at 3 -10 MeV amu -1 . For abundance enhancements, elements were normalized to O in the same energy interval and divided by the corresponding SEP coronal abundances given by Reames (2014) .
The gradual SEP events considered in this article were originally selected by Reames (2016) and are listed with their properties in Appendix B therein. Impulsive SEP events considered are listed with their properties in the appendix in Reames, Cliver, and Kahler (2014a) ; their temperatures were determined by Reames, Cliver, and Kahler (2014b) .
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Diffusive Transport
If we assume that the scattering mean free path [λ X ] of species X depends upon as a power law on the particle magnetic rigidity [P] as P α and upon distance from the Sun [R] as R β we can use the expression for the solution to the diffusion equation (Equation C3 in Tylka 2003 based upon Parker 1963) to write the enhancement of element X relative to O as a function of time
where To simplify our processing, we can achieve a power-law approximation if we expand log x = (1-1/x) + (1-1/x) 2 /2 +…. (for x > ½ ). Using only the first term to replace
for L > ½, as an expression for the power-law dependence of enhancements on A/Q for species X.
More generally, we can write Equation (2) 
where we will see that a and b are directly measurable from the SEP-abundance observations.
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Event Analysis
The analysis of each time period in each event follows that of Reames (2016) . It is based on a theoretical knowledge of the temperature dependence of A/Q for each species and the power-law dependence of abundance enhancements on A/Q. Values of Q vs. T are given by Arnaud and Rothenflug (1985) , Raymond (1992), and Mazzotta et al. (1998) up to Fe and by Post et al. (1977) above Fe and are shown for a range of T in Figure 1 . For each time period we calculate enhancements of the elements He, C, N, O, Ne, Mg, Si, S, Ar, Ca, and Fe, and the groups 34≤Z≤40, 50≤Z≤56, and Z>56, although the latter groups contribute little statistically. At a given T, the logarithmic pattern of abundance enhancements matches that of A/Q. The elements tend to group in A/Q around closed shells with zero, two, or eight orbital electrons. As T decreases, elements
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The analysis follows as shown for the example SEP event in Figure 2 from Reames (2016) . For each time period a temperature is selected which determines Q and A/Q for each particle species, the observed enhancements are least-squares fit as a function of A/Q and the value of χ 2 is noted. As other values of T are selected, a plot of χ 2 vs. T is then made as shown in the upper-right panel of Figure 1 and the minimum χ 2 gives the temperature and best-fit parameters for that time. This procedure yields best-fit temperature, as a function of time, which was discussed by Reames (2016) . It also yields a best-fit slope or power of A/Q [p] as a function of time, which we show in the next section. Figure 3 shows the evolution of p, the power of A/Q, described by Equation (3), for two gradual SEP events. If the value of -3α / (2-β) for these two events is -1 or -2, as for the previous events, then we have S between 2 and 4 for the injected impulsive ions. This is in the range discussed by Reames, Cliver, and Kahler (2014b) Many of the small impulsive SEP events with enhanced heavy elements are found to be scatter free (Mason et al.. 1989) .
Parameters of Diffusive Transport
It is certainly not the purpose of this article to recommend the diffusion equation for all aspects of particle transport:
i) diffusion fails to explain event onsets Reames, 2009a, b) ;
ii) in many small events, ions propagate scatter free (e.g. Mason et al., 1989) ,
iii) streaming-generated waves in intense events cause complicated variations Reames and Ng, 2010) ; iv) the slow decline of event intensities late in events does not result from scattering but from magnetic trapping in a "reservoir" whose spectra decline adiabatically as the trapped volume increases with time; resevoirs may be scatter-free internally (e.g.
review by Reames, 2013) ; v) presumed lateral diffusion via the "birdcage model" misled the community for decades (e.g. review by Reames, 2015) .
However, we do believe that the version of the parallel diffusion equation that is a power-law in abundances (Equations 2 and 3) fits the time dependence of a wide variety of gradual SEP events and provides a stronger basis for quantitative selection of the source plasma temperatures in gradual SEP events. In impulsive SEP events, acceleration produces a power-law dependence on A/Q (Drake et al., 2009; Reames, Cliver, and Kahler, 2014a, b) and scattering during transport contributes less (Mason et al., 1989) .
Patterns of Abundance
Given our new knowledge of the source plasma temperatures for 45 gradual SEP events from Reames (2016) The absolute value of C/He, when both are stripped, must give the reference abundance in the source plasma. This appears to be C/He136 ≈ 0.6 for T > 1.9 MK but C/He136 ≈ 1 seems reasonable for T < 1.9 MK. We will discuss this further below. We explore the offset of the reference value of C/He for the impulsive events and the equally hot (> 1.9 MK) gradual events in Figure 10 . The median value of C/He for the gradual events implies that the reference value of He/O should be 91 rather than 57 for these hot events. This value, shown by the dashed line, is not inconsistent with the hotter, T > 3 MK, impulsive events. The tight distribution of gradual events contrasts sharply with the broad distribution of the impulsive events in Figure 10 where both panels are plotted to the same scale.
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Discussion
For gradual SEP events, scattering of ions during interplanetary transport generates the power-law dependence of abundance enhancements or suppressions on A/Q of the ions that allow us to determine the source-plasma temperatures, which are also functions of A/Q. Diffusion theory supports this dependence and also predicts the time dependence of 1/t that is commonly observed for gradual events. The temperature dependence is revealed by the way elements tend to group near different closed shells of zero, two, or eight orbital electrons as temperature changes, changing the pattern of A/Q and of the abundance enhancements.
Reference Abundances
Events with different temperatures occupy different regions in cross-plots of abundance ratios. Most interesting are the plots for the hottest plasma with T > 1.9 MK. In this region C is nearly fully ionized, like He, so both have A/Q ≈ 2 and they cannot be correlation between gradual SEP and solar-wind abundances has been noted previously (Mewaldt et al., 2007; Desai et al., 2006) .
Impulsive SEPs vary more than Impulsive Suprathermal Ions
We find that an important difference between impulsive and gradual SEP events is the magnitude of event-to-event variation in abundances that should vary little, such as C/He discussed above (see Figure 10 ). Larger non-statistical variations among impulsive averaged by the shock, as we discuss in Section 6.4 below.
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He-rich Impulsive Suprathermal Ions
Another measure of reacceleration of impulsive suprathermal ions by shocks is 3 He/ 4 He. Observation of elevated 3 He/ 4 He in large gradual events has long established that mechanism (Mason, Mazur, and Dwyer 1999) , and the spectral variations of Fe/O (Tylka et al., 2005; Tylka and Lee, 2006) support it. However, these involve small components of impulsive suprathermals, sometimes magnified by high-energy spectra.
In our gradual events with T ≥ 2 MK, the entire bulk of all energetic ions came from source plasma with T ≥ 2 MK; if they should all come from impulsive suprathermal ions they would sometimes be very 3 He rich.
At low intensities, LEMT can resolve 3 He from 4 He at ratios above 20 %, but resolution become difficult for LEMT at particle rates above about 1000 He ions sec -1 because of spreading of the distributions in the increasing background. This is no problem in small impulsive events where all of the rates in the events studied by Reames, Cliver, and Kahler (2014b) energies, being more numerous but less energetic than those jets that produce impulsive SEPs. Parker (1988) envisioned "nanoflares" with enough combined energy to heat the corona, a mechanism that is still important (e.g. Viall and Klimchuk, 2013) although nanoflares, alone, may not heat the corona (Klimchuk and Bradshaw, 2014) . We require much much less energy to produce seed particles with typical enhancements of impulsive SEPs from jets that are smaller but more frequent. We prefer the term "jets", involving reconnection on open field lines, rather than "flares" where heating occurs as reconnection energy is trapped on closed loops (see Kahler, Reames, and Cliver, 2015) .
When a shock wave strikes the base of an observer's field line that connects to such an active region it accelerates ions that represent an average over the population of suprathermal ions seeded by many of these "nanojets" that were recently in progress. All share the source plasma temperature of the active region: 2 -4 MK. This model for the seed population of gradual events with 2 -4 MK source temperatures could produce the consistent average abundances seen in the upper panel of Figure 10 . Mixing five to ten events with the variations of impulsive SEPs would calm the fluctuations to those of the gradual SEP events since n independent samples would reduce the error in the mean by a factor of n -1/2 . Averaging nine nanojets would reduce the fluctuations in the gradualevent seed population from 30 % to 10 % . Shocks might also include ambient plasma from the active region that has the same temperature as the impulsive suprathermals but no enhancements of heavy elements orpopulation during quiet and active solar periods. Since our model requires the presence of an active region for the shock to sample, there seems to be no conflict.
Nanojets might also contribute to the periods of persistent 3 He seen by Wiedenbeck et al. (2008) , of long-lived and recurrent sources (Bučík et al., 2014 (Bučík et al., , 2015 and, of course, to the substantial 3 He abundances below 1 MeV amu -1 in the seed population directly observed at 1 AU before and after the passage of shock waves (e.g. Desai et al., 2003) . Jets are also seen in solar-polar regions and, in principle, could contribute to gradual SEP events with cooler source plasma. However, there are no known SEP events with photospheric-like abundances, i.e. those lacking a strong dependence on the first ionization potential (FIP) of the elements, as seen in the fast solar wind (e.g. von Steiger et al., 2000) . SEPs show a fairly strong dependence on FIP (Reames, 1995 (Reames, , 2014 (Reames, , 2015 in the average abundances that serve as a reference for all of the events we study.
If multiple nanojets contribute impulsive suprathermal ions to the shock acceleration in gradual events with high source plasma temperatures, then these events should begin when the footpoints of the magnetic connection to the observer lies in or near an active region where nanojets abound. This agrees with the observation by Ko et al. (2013) that Fe-rich gradual SEP events are likely to be connected to solar active regions.
Summary
We find the following:
i) The equations of diffusive interplanetary transport may be cast into a form where abundance enhancements are approximately power laws in A/Q.
ii) The time dependence of power-law enhancements in many gradual SEP events follows the expected a linear power in time -1 with scattering mean free paths ≥ 0.2 AU.
Many impulsive SEP events are scatter free. 
